We have designed a nanosensor to study the potential function of metallothionein (MT) in metal transfer and its interactions with redox partners and ligands by attaching two fluorescent probes to recombinant human MT. The specific labeling takes advantage of two different modification reactions. One is based on the fact that recombinant MT has a free N-terminal amino group when produced by the IMPACT T7 expression and purification system, the other on the observation that one human MT isoform (1b) contains an additional cysteine at position 32. It is located in the linker region of the molecule, allowing the introduction of a probe between the two domains. An S32C mutation was introduced into hMT-2. Its thiol reactivity, metal binding capacity, and CD and UV spectra all demonstrate that the additional cysteine contains a free thiol(ate); it perturbs neither the overall structure of the protein nor the formation of the metal͞thiolate clusters. MT containing only cadmium was labeled stoichiometrically with Alexa 488 succinimidyl ester at the N terminus and with Alexa 546 maleimide at the free thiol group, followed by conversion to MT containing only zinc. Energy transfer between Alexa 488 (donor) and Alexa 546 (acceptor) in double-labeled MT allows the monitoring of metal binding and conformational changes in the N-terminal ␤-domain of the protein.
We have designed a nanosensor to study the potential function of metallothionein (MT) in metal transfer and its interactions with redox partners and ligands by attaching two fluorescent probes to recombinant human MT. The specific labeling takes advantage of two different modification reactions. One is based on the fact that recombinant MT has a free N-terminal amino group when produced by the IMPACT T7 expression and purification system, the other on the observation that one human MT isoform (1b) contains an additional cysteine at position 32. It is located in the linker region of the molecule, allowing the introduction of a probe between the two domains. An S32C mutation was introduced into hMT-2. Its thiol reactivity, metal binding capacity, and CD and UV spectra all demonstrate that the additional cysteine contains a free thiol(ate); it perturbs neither the overall structure of the protein nor the formation of the metal͞thiolate clusters. MT containing only cadmium was labeled stoichiometrically with Alexa 488 succinimidyl ester at the N terminus and with Alexa 546 maleimide at the free thiol group, followed by conversion to MT containing only zinc. Energy transfer between Alexa 488 (donor) and Alexa 546 (acceptor) in double-labeled MT allows the monitoring of metal binding and conformational changes in the N-terminal ␤-domain of the protein.
T he fact that metallothionein (MT) completely lacks aromatic amino acids and that its zinc is spectroscopically silent has precluded direct biophysical studies of zinc binding. The resultant experimental dilemma has been compounded by a lack of methods by which to attach extrinsic probes to this small protein of Ϸ60 amino acids for the investigation of structure͞function relationships. Cysteines and lysines are the only amino acid side chains with functional groups amenable to labeling in MT. However, all 20 cysteines are bound to seven zinc atoms in two zinc͞thiolate clusters, in which each zinc atom is coordinatively saturated with four cysteine ligands. These cysteines cannot be modified chemically without severely perturbing or destroying the structure of the clusters. The multiplicity of the eight lysines also presents problems for specific modifications.
We nevertheless have succeeded in labeling MT with fluorescent probes to overcome these obstacles. A differential chemical modification of the cysteines in the presence and absence of a chelating agent has previously allowed us to label the apoprotein thionein (T) in the presence of MT and to label the entire pool MT ϩ T (1). These reactions now constitute the basis for a very sensitive fluorimetric method that detects both MT and T in rat tissues where they occur in comparable amounts. Here, we extend these studies by introducing yet other specific fluorescent probes into MT. Although MTs usually have an acetylated N terminus, we took advantage of the fact that the protein is isolated with a free N terminus when expressed with the IMPACT T7 system (2), thus allowing labeling of the N-terminal amino group without modifying any of the amino groups of the eight lysines. Site-specific incorporation of a second fluorescent probe would yet be needed to perform fluorescence resonance energy transfer (FRET) experiments that could probe protein conformation in response to metal and ligand binding. For this, we recognized that the sequence of one particular isoform of human MT (hMT)-1b contains an additional cysteine, i.e., 21 instead of the usual 20 (3). This cysteine is located at position 32 in the linker region between the two MT domains containing the zinc͞thiolate clusters. However, the characteristics of this isoprotein are unknown, in particular whether the additional cysteine participates in the formation of the clusters or is a ''free'' cysteine that could be targeted for modification. Hence, we have introduced the Ser-32 to Cys (S32C) mutation of hMT-1b into hMT-2 and examined the properties of the protein expressed. This derivative, indeed, contains a free cysteine, which can be labeled specifically with a second fluorescent probe. In the resultant double-labeled protein, the fluorophores are at a distance that can generate FRET. Because of the specific location of the fluorophores, the FRET sensor monitors metal binding and conformational changes of the N-terminal ␤-domain of MT, the more reactive of the two toward EDTA (4) or 5,5Ј-dithiobis(2-nitrobenzoic acid) (DTNB) (5), in transfer of its zinc atoms to a zinc-dependent enzyme (6), or in its reactivity with S-nitroso-L-cysteine or hydrogen peroxide (7).
Materials and Methods
Materials. Restriction enzymes were from Promega and New England Biolabs; ampicillin, isopropyl ␤-D-thiogalactopyranoside (IPTG), CdCl 2 , Ellman's reagent (DTNB), 2,2Ј-dithiodipyridine, DTT, and subtilisin Carlsberg were from Sigma; pTYB11 vector, intein forward primer, ER2566 cells, and chitin resin as part of the IMPACT system were from New England Biolabs; and Alexa Fluor 488 carboxylic acid, succinimidyl ester, dilithium salt [Alexa-488, a fluorescein derivative (F)], and Alexa Fluor 546 C 5 maleimide [Alexa 546, a rhodamine derivative (R)] were from Molecular Probes.
Site-Directed Mutagenesis. MT cDNA was subcloned into the vector pKF-19k (8) to be used as a template for constructing the S32C mutant. Mutagenesis was performed by the oligonucleotide-directed dual amber-long and accurate PCR method (Mutant-Super Express Km kit, Takara Shuzo, Kyoto). pKF19k-MT has a dual amber stop mutation at the kanamycin (Km)-resistance gene (aminoglucoside 3Ј-phosphotransferase) at the 151st and 153rd codons for Gln, resulting in loss of the Km r phenotype. The phenotype can be recovered by a suppressor produced from the genome of a host cell such as JM109, translating the amber stop codon to Gln. However, this amber mutation cannot be recovered in suppressor-free (sup 0 ) host cells such as MV1184 cells. Thus, in these cells, the Km r phenotype can be recovered only by site-directed mutagenesis when this stop codon is changed to Gln (TAG to CAG, selection primer). Together with this primer, the other primer (mutant primer) is designed for site-directed mutagenesis of the target gene (in this case hMT-II, S32C mutant) for the same PCR. The ) with 2,2Ј-dithiodipyridine (10) and metals by atomic absorption spectrophotometry (Perkin-Elmer Model 2280).
Thiol Reactivity of MT Toward DTNB and Thiol Quantification. Thiol reactivity of MTs was determined with DTNB under pseudofirst order rate conditions with regard to the 20 thiols in MT (11) . The reaction between MT (1 M) and DTNB (0.1 M) in 20 mM Tris⅐HCl, pH 7.4, was followed spectrophotometrically at 412 nm and 25°C. Thiol groups were determined from the amount of 2-nitro-5-thiobenzoate ( 412 ϭ 14,150 M Ϫ1 ⅐cm
Ϫ1
) formed after the reaction with 10 mM DTNB.
Circular Dichroism (CD).
Purified MT proteins were analyzed by CD spectroscopy (Jasco Model J-715 CD spectrometer) at 25°C. CD is expressed as molar ellipticity, [] (deg cm 2 ⅐dmol
Ϫ1
).
N-Labeling of MT.
Purified WT MT containing only cadmium (CdMT) was washed with degassed 20 mM Hepes⅐NaOH, pH 7.4, and concentrated to 1 mg͞ml by using a Centricon microconcentrator (Amicon). CdMT (975 g, 150 nmol) was diluted with 20 mM Hepes⅐NaOH, pH 7.4, to 3.26 ml and incubated with 1 mg (1,550 nmol, i.e., to a final molar ratio of 10:1) of the amine-reactive probe Alexa 488 succinimidyl ester (a fluorescein derivative referred to as F), for 1 h at 25°C with stirring in the dark. Labeled protein was separated from the free probe by Sephadex G-50 gel filtration (1 ϫ 50 cm and equilibrated with the same degassed buffer). The stoichiometry of labeling was determined from a molar absorptivity of 494 ϭ 71,100 M Ϫ1 ⅐cm
Ϫ1
for Alexa 488, and both thiol and metal determinations for MT.
S-Labeling of MT.
The free cysteine in the S32C CdMT mutant was labeled at pH 7.4 instead of 8.6 (see Overexpression and Purification of MT) immediately after the purification of T and its reconstitution with metal ions. Reconstituted MT (4.34 mg, 668 nmol) was added to 1 mg (967 nmol, i.e., a final molar ratio of 1.5:1) of the thiol-reactive probe Alexa 546 maleimide (a rhodamine derivative referred to as R) dissolved in 500 l of DMSO, and incubated for 2 h with stirring under nitrogen to prevent MT oxidation. Labeled protein was separated from the free probe by gel filtration as described above. The stoichiometry of labeling was determined from a molar absorptivity of 554 ϭ 111,100 M Ϫ1 ⅐cm
Ϫ1
for Alexa 546, and both thiol and metal determinations for MT.
Dual Labeling of S32C MT. Dual labeling of the S32C CdMT mutant was performed by labeling the free cysteine first as described above. The S-labeled mutant in Tris buffer was brought to 20 mM Hepes⅐NaOH, pH 7.4, and free metals and free probe were removed by multiple dilution͞concentration cycles with a Centricon microconcentrator. After removing a precipitate by centrifugation, the mutant was labeled at the N terminus as described above. The labeling ratios for the S32C mutant were calculated by quantification of each probe in donor͞acceptor (F͞R)-MT (see above).
Fluorescence Spectroscopy of the Dual-Labeled Protein. Labeled proteins were characterized by fluorescence spectroscopy with a FluoroMax-2 fluorimeter (Instruments SA, Edison, NJ). Excitation wavelengths of 460 and 530 nm were used for Alexa 488 and Alexa 546, respectively. Cadmium Release from Cd7MT by EDTA. MT loses its bound metal ions when incubated with EDTA (12) . CdMT (100 nM) was incubated with EDTA (300 nM) and NaCl (50 M) in 20 mM Tris⅐HCl, pH 7.4, at 25°C. The UV absorption at 254 nm is proportional to bound cadmium (13) . Hence, the metal content of the protein can be monitored directly by spectrophotometric readings at this wavelength and expressed as Cd͞MT with a molar absorptivity of 254 ϭ 1.05 ϫ 10
. F͞R-labeled MT (1 nM) was also incubated with EDTA (3 M) and NaCl (500 M) for 8 h (14) and the reactions were studied.
Proteolysis of Dual-Labeled Cd7MT. Dual-labeled Cd 7 MT was treated with subtilisin under conditions that produce the individual domains from the whole molecule (15) . For this purpose, 300 l of Cd 7 MT (250 nM) was incubated with 1 l of subtilisin (1 g͞l in MilliQ water) for 24 h at room temperature.
Replacement of Cadmium in Dual-Labeled Cd7MT with Zinc. Duallabeled Zn 7 MT was prepared by subsituting zinc for cadmium in Cd 7 MT. Dual-labeled Cd 7 MT (120 g) was diluted to 2 ml (9.2 M) with 100 mM zinc acetate, pH 6.5, and concentrated to 100 l in a Centricon microconcentrator, and this step was repeated nine times until cadmium ions were exchanged completely. At each step, the amount of cadmium remaining in the dual-labeled MT was measured by atomic absorption spectrophotometry in the filtrate. Dual-labeled MT containing only zinc (ZnMT) was recovered by gel filtration.
Distance Calculations from FRET Experiments. Distances were cal-
, where E is the efficiency of energy transfer, R 0 is the Förster radius corresponding to 50% energy transfer efficiency, and R is the distance between the donor and the acceptor. The efficiency is expressed as percent quenching of the donor emission obtained from the area of the donor emission band.
Results

Selection of Reactive Groups in hMT-2 for Fluorescence Labeling.
The design of a protein FRET sensor typically involves specific introduction of fluorescent donor and acceptor probes on cysteine and lysine side chains. In MT, only lysine residues are available for amine modification, but because there are eight of them, differential labeling would yield ambiguous answers. However, recombinant MT expressed in the IMPACT T7 system (2) has a free N terminus that can be targeted specifically by varying the pH of the modification reaction as the amino group at the N terminus has a lower pK a value compared with that of the lysine side chain. A search of the MT sequence database revealed that human MT-1b contains an additional cysteine at position 32 between the two domains carrying the clusters where a second fluorophore could be attached (3). When it is combined with a probe attached at the N terminus, this cysteine is positioned nearly ideally at the other end of the ␤-domain to be tagged with a second fluorescent probe chosen to result in an energy donor͞acceptor pair. The properties of the hMT-1b protein, however, were unknown, in particular whether the extra cysteine participates in the formation of the metal͞thiolate clusters. To address this question, we introduced the S32C mutation into hMT-2 and studied the properties of the protein expressed. CdMT demonstrates that this mutant has one thiol group whose reactivity is higher than that of the others (Fig. 1A) . This thiol likely is a free thiol, because WT CdMT does not exhibit such a reactive thiol (Fig. 1 A) . The cysteines in the clusters of CdMT are generally less reactive than those in the clusters of ZnMT (Fig. 1B) , giving rise to a greater differential reactivity of the additional cysteine in the CdMT mutant (Fig. 1 A) when compared with the ZnMT mutant (Fig. 1C) . Therefore, CdMT was chosen for modification of the free cysteine. UV spectra ( Fig.  2A) of the mutant ZnMT and CdMT are identical to those of the recombinant WT proteins (2). CD spectra (Fig. 2B ) of the mutant protein differ only slightly from those of recombinant WT proteins. These results indicate that the additional cysteine in the S32C mutant does not participate in the clusters, which essentially retain their structures.
Single and Dual Site-Specific Fluorescence Labeling of WT and S32C
CdMT. In the IMPACT T7 expression system, the target protein (hMT-2) is fused to the C terminus of the intein fusion protein and MT is generated with a free N terminus after DTT-mediated proteolysis (2). This procedure makes it possible to label the N terminus with an amine-specific fluorophore. WT MT was labeled specifically at the N terminus with Alexa 488 succinimidyl ester at a molar ratio of 1.09 (the result of three independent experiments). To avoid labeling other amine groups such as lysine with a higher pK a (10.79), a pH value of 7.4 was selected for labeling. MT labeled at the N terminus fluoresces maximally at 519 nm when excited at 460 nm (Fig. 3, line 1) .
The S32C mutant was labeled at the free cysteine residue with Alexa 546 maleimide. The molar ratio of probe to protein was 1.0 (the result of three independent experiments). The labeled S32C mutant emits maximally at 573 nm when excited at 530 nm (Fig. 3, line 2) .
Because of the reactivity of thiols with amine-specific reagents, dual labeling was performed by first S-labeling, then N-labeling. This procedure introduced two probes into the molecule, both with 1:1 labeling stoichiometries (the result of three independent experiments). In the labeled protein, seven cadmium atoms per molecule of MT remained bound. FRET of Dual-Labeled MT. Emission spectra of dual-labeled MT were recorded under the same conditions used for the singlelabeled proteins. When F͞R-MT is excited at the donor absorbance wavelength (460 nm), the emission peaks are at 519 and 573 nm (Fig. 3, line 3) . In dual-labeled F͞R-MT, the donor emission at 519 nm decreases 65% and the acceptor emission at 573 nm increases relative to the emission spectra of the singlelabeled MTs (line 1). Because emission at 573 nm is typical for the acceptor, this experiment demonstrates energy transfer between the two fluorophores. When single-labeled R-MT was excited at 460 nm (line 4), the emission at 573 nm was significantly less than that of the dual-labeled protein (line 3 vs. line 4) . These experiments clearly demonstrate that the two probes labeling the ␤-domain are properly spaced to allow energy transfer.
The possibility that energy transfer between the two fluorescent probes is affected by metal release resulting in structural changes in the ␤-domain was tested by incubating F͞R-MT with EDTA and NaCl for 8 h. Energy transfer from donor (F) to acceptor (R) indeed decreases (Fig. 4A) : the ratio between the emission peaks of acceptor and donor (573͞519 nm) changes from 0.8 to 0.5. To ascertain whether these changes are because of release of cadmium, metal release from MT was monitored spectrophotometrically under the same conditions. Cd 7 MT releases exactly three cadmium atoms when treated with EDTA for 8 h (Fig. 4B) . These metals originate from the ␤-domain, which has been shown to interact preferentially with EDTA (4, 12) . Thus, the observed changes in energy transfer are caused by metal release from the ␤-cluster of the FRET sensor.
Proteolysis of Dual-Labeled Cd7MT. Only a relatively small decrease of FRET is observed under conditions where the metal atoms in the ␤-cluster are released (Fig. 4A) . Therefore, we searched for conditions that abolish FRET. The individual domains of MT can be generated by proteolysis of CdMT with subtilisin (15) . Cleavage occurs between residues 30 and 31, i.e., between the two lysines in the hinge region. Thus, this treatment will cleave the polypeptide chain between the fluorophores. After incubation with subtilisin, energy transfer of dual-labeled MT (Fig. 5 , line 1) decreases significantly compared with the control sample (Fig. 5, line 2) . The emission spectrum of a mixture of the two free fluorophores is similar to that of cleaved MT (Fig. 5, line 3) , except for a slight 2-nm shift relative to the emission maximum of the donor. This result indicates that treatment with subtilisin completely eliminates energy transfer in MT.
The observation that the metal-free protein shows FRET, but the cleaved ␤-domain does not, shows that the apo-␤-domain is not in a random coil conformation after metal release. Titrations with DTNB before and after release of cadmium with EDTA give no evidence for the formation of disulfides. Denaturing agents such as SDS (0.5% wt͞vol) or guanidine hydrochloride (6 M) decrease FRET to a much larger extent than metal release, i.e., 80%, clearly demonstrating that the apo-␤-domain maintains some of its tertiary structure after metal release and that the FRET sensor measures conformational changes in addition to the changes elicited by metal release. Jointly, these experiments demonstrate that the FRET sensor measures both metal binding and conformational effects in the absence of metals.
Replacement of Cd in F͞R-CdMT with Zn. Normally, the conversion of CdMT to ZnMT can be accomplished by the removal of cadmium at low pH, neutralization, and reconstitution with zinc ions. However, because of the chemical instability of the fluorescein fluorophore at low pH, we had to devise a reversereplacement procedure in which zinc displaces cadmium against a thermodynamic gradient of almost four orders of magnitude. Nine washes with excess zinc in Centricon microconcentrators were required to completely remove cadmium from F͞R-CdMT. The emission spectrum of dual-labeled ZnMT obtained after removing excess zinc ions by gel filtration is virtually identical to that of dual-labeled CdMT.
Discussion
The results we obtained demonstrate that S32C MT has the same overall structure as MT; furthermore the composition of the clusters with regard to zinc or cadmium and the overall metal binding capacity are virtually identical. A small red-shift (Ͻ5 nm) between the CD spectra of WT and S32C mutant MT (Fig.  2B) is likely caused by the replacement of the rather strictly conserved Ser-32, which is involved in hydrogen-bonding interactions with the main-chain carbonyls of Cys-34 and Cys-38 (16) in the ␣-domain, by Cys, which, if at all, interacts more weakly. Chiroptical features are the most sensitive parameters of the structure of the cadmium͞thiolate clusters (17) . The distance between the oxygen in the side chain of Ser-32 and any of the metal atoms in the ␣-cluster is at least 5 Å. These relatively large distances are further reason to believe that Cys-32 does not participate in metal binding in the clusters of either the mutant or hMT-1b.
The S32C CdMT can be specifically labeled with two different fluorescent probes between which energy transfer occurs. Once labeled, CdMT can be transformed into ZnMT for functional studies of the zinc protein. While CdMT readily forms when cadmium ions are added to ZnMT, the reverse is not the case because of the large difference in binding constants between ZnMT and CdMT (K d
). Also, it was not possible to prepare ZnMT from labeled CdMT by means of a route involving both acidification of the protein to pH Ͻ2 to remove cadmium and reconstitution of the apoprotein (thionein) with zinc, because the fluorophore is not stable at low pH. The problem was solved, however, by employing a reverse-replacement procedure, in which a large excess of zinc displaces cadmium against the thermodynamic gradient, aided by a slightly lowered pH. Another potential approach for metal replacement could involve labeling of CdMT with a pH-stable fluorophore such as 4-([4-(dimethylamino)phenyl]azo)benzoic acid (Dabcyl) (19) , and preparing ZnMT by means of the acidification and reconstitution procedure.
When compared with a construct containing GFP mutants fused to both termini of MT (14), the MT FRET probe has several advantages. First and foremost, this probe is designed to monitor the conformation of the ␤-domain, which is the more reactive of the two in zinc-transfer experiments (5, 7), and it is the only one with biological activity in modulating mitochondrial respiration (20) . Thus, the probe can be used to study metal binding of a single domain of MT. Second, the sensor with small molecules attached is much more likely to resemble the native state of MT than a fusion protein carrying two bulky proteins at each terminus. Thus, studies of metal binding to the MT-GFP FRET probe maybe confounded by metal binding to the GFPs. The number of metals bound and released from the MT-GFP FRET probe was not reported (14) . In contrast, the metal content of the MT FRET probe is known.
FRET experiments demonstrate that the MT FRET probe is responsive to the metal content of the protein as well as to environmental factors that affect the structure of the apo-␤-domain. Under conditions where the clusters of MT release cadmium (Fig. 4B) (14, 21) , the ratio of emission peaks (573͞519 nm) changes from 0.8 to 0.5 (Fig. 4A ). This change is qualitatively similar to the change from 1.8 to 1.1 in the MT-GFP FRET probe (14) , although the MT FRET sensor detects metal release from only one of two domains. The calculated distance of 50 Å between the probes, based on the donor emission spectra (Fig.  3 ) and the known R 0 value for the rhodamine͞fluorescein pair of 56 Å (22) , is longer than the calculated distance of 23 Å between the N-terminal amino group and the oxygen of Ser-32 in the crystal structure of MT (23) . This apparent discrepancy could be explained in several different ways: The actual distance between the probes in MT in solution might be longer than that measured in crystals. NMR studies (23) revealed that the N terminus of MT (segment 1-12) is very flexible, thus likely Fig. 6 . Structure modeling of F͞R-MT. Structures of F͞R probes were generated by using CHEMDRAW and energy-minimized in CHEM3D (both from CambridgeSoft, Cambridge, MA). Three-dimensional probe structures were imported into INSIGHT II (Accelrys, San Diego) and manually attached at the appropriate amino acid side chains. Ser-32 was mutated to Cys by using the Biopolymer module in INSIGHT II. To estimate the range of distances between the attached probes, flexibility was allowed within the R probe where torsions are possible. The modeling revealed a 32-to 40-Å separation between the probes when allowing for different conformations of the R probe without interactions with the MT structure.
increasing the distance. Further, the orientation of the two domains relative to one another is known only from the crystal structure. The mobility of the domains relative to the linker region in solution adds additional uncertainty to the estimate of the distance between the probes. Last but not least, the probes have molecular sizes of 10-15 Å. In a structural model of MT with the probes attached (Fig. 6 ) distances of 32-40 Å between the probes are longer than that between the two amino acids. The additional variations of the distance of up to 10 Å result from the flexibility of the hydrocarbon tail of Alexa 546. All of these factors could lead to an actual distance that is close to that which was measured, particularly because the two amino acid side chains to which the probes are attached point in different directions. A donor͞acceptor pair with a smaller R 0 value would yield more accurate distance calculations if the distance were indeed Ͻ56 Å. In the apo-␤-domain, the distance between donor and acceptor remains close enough to permit energy transfer, however. Hence, the apo-␤-domain exists in a structure where such energy transfer is possible. The distance between the probes after metal release from the ␤-domain changes only slightly, i.e., from 50 to 52.3 Å (E ϭ 0.6). Detailed studies on the kinetics of metal binding with this FRET probe will provide information on the individual steps in the formation and disassembly of the cluster.
The ␤-domain FRET probe exhibits many potential applications as a nanosensor for detection of biologically essential (zinc) and toxic (cadmium) metal atoms. Fluorescent probes for zinc have detection limits in the nanomolar range (24) . The MT-FRET sensor has a detection limit in the picomolar range, and therefore can serve as a biosensor for detecting cellular ''free'' zinc in the physiological range of picomolar concentrations (25, 26) . The development of Ca 2ϩ -sensing probes provides a paradigm for the application of such sensors (27) .
In addition, the MT FRET sensor can be used as a redox sensor. The thiolate ligands of zinc in MT confer redox activity on the clusters (28) . Because the metal content of the protein depends on the redox environment, metal-dependent conformational changes detected by FRET also are redox-dependent. When MT is oxidized by a catalyst (selenium) and glutathione disulfide (GSSG) it loses its zinc (29) . Vice versa, in the presence of a selenium catalyst glutathione (GSH) reduces the oxidized protein. Thus, the MT FRET sensor might be suitable for the measurement of the glutathione redox state, a major biological redox buffer (30) , and further might be applicable to measurements in specific cellular compartments such as in liver mitochondria, where MT is located in the intermembrane space (20) . GSH͞GSSG ratios differ in cellular compartments and vary from 40 to 100 in the cytosol and from 1 to 3 in the endoplasmic reticulum (31) . Redox sensing is not restricted to the GSH͞ GSSG pair, however, as the MT-GFP FRET probe has already been used to measure specific oxidants such as nitric oxide (14) .
In vivo studies employing the MT FRET sensor obviate some of the problems encountered with GFP fusion proteins. Generally, FRET sensors with GFP protein mutants transfected into cells are excellent tools for the visualization of target molecules in living cells. Genetic engineering techniques using diverse GFP f luorophores with different emission wavelengths create ''chameleons'' that change their colors dependent on changes in conformation (27) . This attractive technology has its limitations, however. The bulky GFPs (27 kDa) can affect the behavior of their target protein. Nonspecific binding of substrates to GFPs is a major concern, and therefore the phenomena observed with these constructs are prone to yield artifacts. The MT FRET sensor does not have this limitation as it is specifically labeled with small fluorophores (0.6 kDa), which would be easily used for fluorimetric analysis based on the FRET principle (32) .
Other limitations of MT GFP fusion proteins are the effects that their overexpression in the host cell may have. Overexpressed MT is usually not saturated with metals because of limited zinc supply (33) . Thus, overexpression of the MT-GFP FRET probe affects the zinc pool and likely the redox potential in host cells (34) . In contrast, when using the MT FRET sensor, either MT FRET or T FRET could be introduced into the cell and, therefore, a better control of the parameters to be sensed can be exercised. Before these applications can be explored and the FRET signals in vivo interpreted, it is necessary to dissect effects of metal binding and other conformational effects that influence the molecule (ligand binding, oxidation state). The MT FRET sensor allows for the accomplishment of this dissection because its metal content can be measured precisely.
